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Edited by Hans EklundAbstract Human nuclear cyclophilin 33 (hCyP33) was the ﬁrst
protein which was found to contain an RNA-binding motif and a
PPIase domain. It was not known what cellular and physiologi-
cal roles are played by the RNA-binding activity as well as the
PPIase activity of hCyP33. In this paper, we investigated the
binding speciﬁcity of hCyP33 to diﬀerent cellular RNA using
ion-exchange chromatography and aﬃnity adsorption. Further-
more, the inﬂuence of diﬀerent cellular RNAs to the PPIase
activity of hCyP33 was investigated using a protease-coupled
method. The results show that hCyP33 binds speciﬁcally to
mRNA, namely poly(A)+RNA, and that binding stimulates the
PPIase activity of hCyP33.
 2008 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Speciﬁc binding to mRNA1. Introduction
The peptidyl-prolyl cis–trans-isomerase (PPIase) class of
proteins is traditionally composed of three distinct protein
families, cyclophilins (cyclosporine A (CsA) binding proteins),
FKBPs (FK506 binding proteins) and parvulins, that are
linked by their shared ability to catalyse the isomerization of
the bond preceding a proline residue between its cis and trans
forms [1,2]. Cyclophilins (CyPs) are highly conserved proteins
and are present in both prokaryotes and eukaryotes and in dif-
ferent organelles [3]. They possess peptidyl-prolyl cis–trans-
isomerase (PPIase) activity, which is inhibited by CsA [4,5].
Rotation of the prolyl imide bond is thought to be the rate-lim-
iting step for the in vitro folding of proteins [6]. As a result ofAbbreviations: CsA, cyclosporine A; GST, glutathione S-transferase;
hCyP33, human cyclophilin 33; PPIase, peptidyl-prolyl cis–trans-
isomerase; SDS–PAGE, sodium dodecyl sulfate–polyacrylamide gel
electrophoresis
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doi:10.1016/j.febslet.2008.01.055the PPIase activity, CyPs are able to accelerate protein folding
in vivo [3,7,8]. A ribosome-associated PPIase was also identi-
ﬁed as the trigger factor [9,10] and it assists the folding of new-
ly synthesized proteins by binding to nascent polypeptides
when they emerge from the ribosomal exit tunnel [11,12].
The high eﬃciency of eliminating non-productive pathways
of folding of trigger factor in RNase T1 refolding results from
its two combined activities: the chaperone activity for tight
substrate binding and the PPIase activity [13]. There is evi-
dence that a PPIase binds to a molecular chaperone of the
Hsp70 family and inﬂuences the chaperone function [14,15].
Furthermore, RNA-binding proteins (RBP) are involved in
splicing, modiﬁcation and transport of RNA after transcrip-
tion in eukaryotic cells [16].
Human cyclophilin 33 (hCyP33), which was found in 1996 in
human T cells, is an RNA-binding cyclophilin. It consists of an
RNA-binding domain with 84 amino acid residues in its N-ter-
minus, a cyclophilin domain with 139 amino acid residues in its
C-terminus and a connective part with 78 amino acid residues
between these two domains [17]. The crystal structure of the C
domain of hCyP33 suggests that the C domain contains a PPI-
ase active site which binds to CsA [18]. Recent research has
revealed that human myeloid lymphoid leukemia (MLL) pro-
tein binds to hCyP33 [19,20] and this binding can modulate the
eﬀects of MLL protein on its target gene [21]. But up to now, it
is still unknown what cell-biological function is played by the
RNA-binding activity as well as the PPIase activity of hCyP33.
We already know that hCyP33 preferentially binds to
polyribonucleotide polyA and polyU, but hardly to polyG
and polyC [18]. Accordingly, we infer that hCyP33 binds only
speciﬁcally to one of three kinds of cell RNA which contains
polyA tail, mRNA, namely poly(A)+RNA.
In this study, we investigated the binding eﬀect of hCyP33 to
three kinds of cell RNA using ion-exchange chromatography
and aﬃnity adsorption. The results show that hCyP33 binds
speciﬁcally to mRNA and that binding can stimulate the PPI-
ase activity of hCyP33.2. Materials and methods
2.1. Puriﬁcation of hCyP33 protein
Construction of plasmids expressing hCyP33 was performed (see
Supplementary data). The ampliﬁed bacteria containing the recombi-
nant plasmid were induced. GST-hCyP33 fusion protein and hCyP33
without tag of glutathione S-transferase (GST) were puriﬁed as de-
scribed [14].blished by Elsevier B.V. All rights reserved.
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One-step isolation of total RNA from pig liver was performed as de-
scribed [22,23] and improved. The mRNA puriﬁcation kit was used for
separation and puriﬁcation of poly(A)RNA and poly(A)+RNA.
From total RNA, the mRNA which contains a polyA tail would be
bound to polyT on the solid carrier to build an A–T base-pair and,
therefore, would be separated from poly(A)RNA containing rRNA
and tRNA. The RNAs were measured quantitatively at 260 nm. tRNA
was purchased from Sigma.2.3. Investigation of the binding speciﬁcity of hCyP33 to diﬀerent RNAs
by means of ion-exchange chromatography
Tested components (10 lg poly(A)+RNA + 10 lg hCyP33, 10 lg
poly(A)RNA + 10 lg hCyP33, or 10 lg tRNA + 10 lg hCyP33)
were pre-incubated at 37 C for 10 min in 50 lL binding buﬀer
[50 mM Tris–HCl, pH 8.0, 1 mM PMSF (phenylmethyl sulfonylﬂuo-
ride), 5 U RNAsin and 2 mM 2-mercaptoethanol] and then preserved
in ice.
After 200 lL nuclear extract was pre-incubated with RNaseA at
37 C for 15 min to disaggregate RNase, 1000 U RNAsin was
added and then incubated with 48 ng poly(A)+RNA, poly(A)RNA
or tRNA at 37 C for 10 min in binding buﬀer and then preserved in
ice.
The SP-Sepharose fast ﬂow S column was equilibrated with buﬀer
A (50 mM NaH2PO4/Na2HPO4, pH 6.0, 5 mM EDTA) at room tem-
perature. The sample containing 10 lg total RNA, 10 lg hCyP33,
200 lL nuclear extract or the above tested components was loaded
onto the column, respectively, and the column was eluted with
10 mL buﬀer A and 20 mL buﬀer B (50 mM NaH2PO4/Na2HPO4,
pH 8.0, 5 mM EDTA, 2 M NaCl). The ﬂow rate was 0.2 mL/min con-
tinuously and the fraction volume was 1 mL/tube. The concentration
of RNA was measured as A260 with comparison of adsorption of buﬀer
A as the zero line. The protein in each fraction was precipitated by tri-
chloroacetic acid/desoxycholate (TCA/DOC) and then detected by so-
dium dodecyl sulfate–polyacrylamide gel electrophoresis (SDS–PAGE)
or Western blot (see Supplementary data).2.4. Investigation of the binding speciﬁcity of hCyP33 to diﬀerent RNAs
using aﬃnity adsorption
0.6 nmol GST-hCyP33 attached to glutathione-Sepharose 4B beads
was incubated with 40 lg RNA in binding buﬀer at 4 C for 30 min.
The beads were washed three times with binding buﬀer. After addition
of 700 lL DEPC treated water and 700 lL phenol cocktail (phenol/
chloroform/isopropanol: 49:49:2), the sample was shaken vigor-
ously. The water phase was collected and extracted with phenol cock-
tail once more. In the water phase, 2.5 volumes of ethanol were added
and mixed. After centrifugation at 14000 rpm, the pellet was washed
with 500 lL ethanol and dried in air. Then the RNA in the pellet
was diluted in 500 lL DEPC treated water and the adsorption of the
solution was measured at 260 nm. Every assay was three times
repeated.2.5. PPIase activity assays
Assays of PPIase activity were performed in a standard protease-
coupled PPIase assay [24,25] using Suc-Lys-pro-phe-pNA as the sub-
strate in 50 mM HEPES, 100 mM NaCl buﬀer, pH 8.0, at 5 C.
17 nM hCyP33 was pre-incubated with 1 lg RNA (mRNA, poly-
(A)RNA, tRNA, respectively) in binding buﬀer at 37 C for
10 min, and then cooled on ice. 32 lM chymotrypsin and 5 lL of an
8 mM stock of the substrate Suc-Val-Pro-Phe-pNA (dissolved in
400 mM LiCl/tetrahydrofuran) were added in a total volume of
1 mL. After mixing, the increase in absorbance at 390 nm was moni-
tored at 5 C. Every assay was four times repeated.
2.6. Nucleic acid binding assays
1 pmol GST-hCyP33 or GST was mixed with 5 pmol synthetic hexa-
nucleotides A6, U6, (AU)6 or AAUAAA, which were labeled at the 5 0-
end with 32P using [c-32P] ATP and T4 polynucleotide kinase (NEB) as
described [26] in 100 lL binding buﬀer at RT for 5 min, respectively.
Then 20 lL glutathione-Sepharose 4B beads were added to absorb
the proteins. The beads were washed three times with 500 lL of bind-
ing buﬀer. Each sample was then counted in a b-counter. Every assay
was three times repeated.3. Results
3.1. Binding speciﬁcity of hCyP33 to mRNA in vitro and in vivo
shown by ion-exchange chromatography
Previous research has shown that the binding capacity of
hCyP33 to poly-A and poly-U is much higher than to poly-
C and poly-G [17]. On this account, we hypothesize that this
protein is bound speciﬁcally to mRNA, which contains a con-
nected sequence AAUAAA and a polyA tail after this se-
quence [27].
The cation-exchange gel fast ﬂow S column and a step elu-
tion method were used. RNA is a polyanion, which is com-
posed of ribonucleotides with a phosphodiester bond.
Therefore, RNA is not bound to a cation-exchange gel column
and would be eluted despite the change in pH and ionic
strength. As shown in Fig. 1A, its chromatographic adsorption
peak appears directly after the dead volume of the column. In
contrast, in the elution buﬀer with pH 6.0 and low ionic
strength, the loaded protein hCyP33 was positive. It was
bound to the negative cation-exchange gel column and was
not eluted. When we changed the elution buﬀer abruptly to
pH 8.0 and high ionic strength (concentration of NaCl from
0 to 2 M), the protein was eluted (Fig. 1B).
In RNA every nucleotide unit contains one negative charge
on its phosphodiester bridge. Thus, there are hundreds to
thousands negative charges in one molecule RNA, which are
much more than the positive charges of the protein. If the pro-
tein is bound to RNA, the complex should be negatively
charged and the protein would be detected in the eluted region
where the RNA peak appears. As shown in Fig. 1B, hCyP33
can bind to mRNA and cannot bind to poly(A)RNA. The
poly(A)RNA consists of rRNA and tRNA. The rRNA
makes up 80% of the total RNA, whereas tRNA makes up
only 15%. We wanted to know if the tRNA could also be
bound to hCyP33 and it was not detected by the experiment
with only poly(A)RNA due to the low proportion of tRNA
in poly(A)RNA. So we used tRNA for the same experiment.
The result shows that tRNA is not bound to hCyP33.
To determine if the binding speciﬁcity between natural
hCyP33 andmRNAalso occurs in vivo, human Jurkat T cell nu-
clear extract was loaded onto the ion-exchange chromatography
column. As shown in Fig. 1C, the bands of hCyP33 appeared in
the RNA elution region. This means that hCyP33 was bound to
RNA in T cells. After RNAase was added to the nuclear extract
to degrade RNA, the nuclear extract was loaded as mentioned
above. The protein bands of hCyP33 that appeared in the
RNA elution region disappeared. To investigate further the
binding speciﬁcity of natural hCyP33 to mRNA, the nuclear ex-
tract without RNA was incubated with mRNA, poly(A)RNA
or tRNA, respectively, and the mixture was added to the col-
umn. The results demonstrate that natural hCyP33 can only
bind to mRNA and cannot bind to poly(A)RNA or tRNA.
3.2. Binding speciﬁcity of hCyP33 to mRNA shown by aﬃnity
adsorption
To conﬁrm the binding speciﬁcity of hCyP33 to mRNA, the
aﬃnity adsorption, an unrelated method as above mentioned,
was carried out for direct evidence. GST-hCyP33 attached to
glutathione-Sepharose 4B beads was used for adsorption of
mRNA or poly(A)RNA, respectively. As shown in Fig. 2,
the adsorption of poly(A)+RNA by GST-hCyP33 is obviously
higher than that of poly(A)RNA. As a control, GST attached
Fig. 1. Evidence for the binding of hCyP33 to mRNA in vitro and in vivo shown by ion-exchange chromatography. (A) Total RNA was loaded onto
the column and the concentration of RNA was measured at A260. (B) hCyP33, hCyP33 + poly(A)
+RNA, hCyP33 + poly(A)RNA, hCyP33 + tRNA
were subjected to the SP-Sepharose fast ﬂow S column, respectively, and fractionally collected. The protein in each fraction was detected by SDS–
PAGE with coomassie brilliant blue staining. The eluting volume of every fraction was corresponding to the rule in part A of this ﬁgure. (C) Nuclear
extract, RNA free nuclear extract + poly(A)+RNA, RNA free nuclear extract + poly(A)RNA, RNA free nuclear extract + tRNA were subjected to
the SP-Sepharose fast ﬂow S column, respectively, and fractionally collected. The protein in each fraction was detected by SDS–PAGE with
immune staining using anti hCyP33 antiserum.
Y. Wang et al. / FEBS Letters 582 (2008) 835–839 837to glutathione-Sepharose 4B beads was used for the same
experiment and it showed no adsorption of poly(A)+RNA or
poly(A)RNA. This shows that hCyP33 binds to poly(A)+R-
NA with much higher aﬃnity than to poly(A)RNA.
3.3. Binding of hCyP33 to mRNA stimulates the PPIase activity
of hCyP33 and the stimulation can be inhibited by CsA
HCyP33 possesses RNA-binding activity and peptidyl-pro-
lyl cis–trans-isomerase activity simultaneously [17]. To investi-
gate if the binding of hCyP33 to mRNA aﬀects the PPIase
activity of hCyP33, a PPIase activity assay was performed.
The result in Fig. 3 demonstrates that the binding of hCyP33
to mRNA stimulates the PPIase activity of hCyP33. In this test
the PPIase activity of hCyP33 is reﬂected by the acceleration of
cis/trans conversion rate in ﬁrst stage of the test. The kinetics
of the test reaction (cis/trans conversion coupled with an enzy-
matic digestion) in this stage almost ﬁt the ﬁrst-order reaction
[25]. According to the formula of the ﬁrst-order reactionlnCt ¼ kt þ lnC0 or
lnAt ¼ kt þ lnA0 ðC is concentration; A is absorbanceÞ
The observed, ﬁrst-order rate constant for isomerization kobs
in the ﬁrst ﬁfty seconds was calculated using the origin 6.1 soft-
ware. The test was four times repeated and calculated kobs in
the ﬁrst ﬁfty seconds are 6.88 ± 0.07 for blank, 8.82 ± 0.18
for CyP33 and 9.93 ± 0.28 for CyP33 + mRNA, respectively.
Whereas, the results in Fig. 3 show that poly(A)RNA or
tRNA has almost no inﬂuence on the PPIase activity of
hCyP33. Furthermore, we also found that the stimulation
can be inhibited by CsA (see Supplementary data).
3.4. Nucleic acid-binding property of hCyP33
Previous research has shown that the binding capacity of
hCyP33 to poly-A and poly-U is much higher than to poly-
C and poly-G and that of poly-U is stronger than poly-A
[17]. We know that mRNA contains a connected sequence
Fig. 2. Evidence for the binding of hCyP33 to mRNA shown by
aﬃnity adsorption. Lane 1: 40 lg poly(A)+RNA was adsorbed with
0.6 nmol GST-hCyP33 bound on glutathione-Sepharose 4B beads;
lane 2: 40 lg poly(A)RNA was adsorbed with 0.6 nmol GST-hCyP33
bound on glutathione-Sepharose 4B beads; lane 3: 40 lg poly(A)+RNA
was adsorbed with of 0.6 nmol GST only bound on glutathione-
Sepharose 4B beads and lane 4: 40 lg poly(A)RNA was adsorbed
with 0.6 nmol GST only bound on glutathione-Sepharose 4B beads.
After washing the proteins bound on beads were extracted trice with
700 lL DEPC treated water and 700 lL phenol cocktail (phenol/
chloroform/isopropanol: 49:49:2). The adsorbed RNA in water
phase was precipitated with ethanol and diluted in 500 lL DEPC
treated water. The adsorption of RNA in solution was measured at
260 nm.
Fig. 3. Binding of hCyP33 to mRNA stimulates the PPIase activity of
hCyP33. 17 nM hCyP33 was pre-incubated with 1 lg of mRNA,
poly(A)RNA or tRNA in binding buﬀer at 37 C for 10 min,
respectively, and then cooled on ice. 32 lM chymotrypsin and 5 lL
of an 8 mM stock of the substrate were added to a total volume of
1 mL. After mixing, the increase in absorbance at 390 nm was
monitored.
Fig. 4. Nucleic acid-binding properties of hCyP33. One pmol GST-
hCyP33 or GST was mixed with 5 pmol hexanucleotides A6, U6,
(AU)6 or AAUAAA which were labeled at the 5 0-end with 32P using
[c-32P] ATP and T4 polynucleotide kinase in 100 lL binding buﬀer at
RT for 5 min, respectively. Then 20 lL glutathione-Sepharose 4B
beads were added to absorb the proteins. The beads were washed three
times with 500 lL of binding buﬀer. Each sample was then counted in
a b-counter.
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is possible that hCyP33 binds to AAUAAA. So a nucleic acid-
binding assay was performed using GST-hCyP33 fusion pro-
tein and GST. As shown in Fig. 4, the binding capacity of
hCyP33 to AAUAAA is much higher than to A6, U6 and ran-
dom (AU)6. Although we do not provide direct evidence for
the binding of CyP33 and mRNA occurring in the polyA tail
sequence AAUAAA, our data clearly demonstrate the binding
tendency of hCyP33 to AAUAAA.4. Discussion
In this study, we showed that hCyP33 binds speciﬁcally to
mRNA using two applicable methods. Furthermore, we also
found that binding stimulates the PPIase activity of hCyP33.
RNA-binding proteins are involved in splicing, modiﬁcation
and transport of RNA after transcription in eukaryotic cells
[16]. RNA-bound proteins can provide a signal for localization
of RNA in a cell [28]. Considered together with the fact that
hCyP33 exists in both the nuclear matrix and nuclear mem-
brane fractions in T cells, the binding of hCyP33 to mRNA
may be concerned in internal cell-physiological functions. It
has been reported that hCyP33 could be involved in nuclear
pre-mRNA processing [29,30]. The fact that the binding capac-
ity of hCyP33 to poly-A and poly-U is much higher than to
poly-C and poly-G [17] and hCyP33 binding aﬃnity to
AAUAAA is stronger indicates that it is possible that hCyP33
is not involved in intron removal during the process of splicing,
but binds to the region of AAUAAA and participates in polyA
tail assembly. A critical point is the meaning of the combina-
tion of RNA-binding activity and PPIase activity in this pro-
tein. Conjecturally hCyP33 binds to nascent transcript of
mRNA, in whose 3 0-end contains the sequence AAUAAA,
and actives a coordinately protein with cis/trans alter of its
conformation on a prolyl residue in the active center and stim-
ulates it for assembly of polyA tail. Alternatively, it is also pos-
sible that hCyP33 is concerned in the transport of mRNA or
signal transport in cells. Possibly, mRNA binding stimulates
the PPIase activity of hCyP33 and, as a trigger factor, hCyP33
modulates another protein with cis/trans alter of its conforma-
tion for transport of mRNA or signal. The mechanism of
interaction of hCyP33 and mRNA will be the subject of future
research and further studies are in progress.
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